Černjavski & Soška is an endemic plant species that grows in the National Park Galičica in Macedonia. Five extracts were isolated as fractions from the aerial parts of the plant: a n-hexane extract (1), a dichloromethane extract (2), an ethyl-acetate extract (3), a n-butanol extract (4) and a methanol extract (5). A dose-dependent cytotoxic activity of the extracts on MDA-MB-231 and EA.hy926 cells was observed. Extracts exhibited more pronounced cytotoxic actions on MDA-MB-231 cells than on EA.hy926 cells. The n-hexane extract (1), at a non-toxic concentration, exhibited an inhibitory effect on the migration as well the invasiveness of MDA-MB-231 cells. The dichloromethane extract (2), at a non-toxic concentration, demonstrated inhibition of MDA-MB-231 cells invasion. Each of the five extracts applied at non-toxic concentrations inhibited migration of EA.hy926 cells. The prominent inhibitory effect of the n-hexane extract on EA.hy926 cells migration was associated with a notable anti-angiogenic action of this extract. The other four tested extracts demonstrated mild anti-angiogenic activity. Our data highlight the prominent anticancer potential of n-hexane (1) and dichloromethane (2) extracts, which could be attributed to their very pronounced and selective cytotoxic activities as well as their anti-invasive and anti-angiogenic properties.
A wide variety of plant extracts and phytochemicals are in the focus of modern anticancer drug research. Cancer-chemopreventive and/or cancer-therapeutic potential of plant constituents is related to their cytotoxic activity, as well as to the inhibition of angiogenesis, cancer cell invasion and metastasis [1] [2] [3] [4] . The traditional use of various Helichrysum plant species in folk medicine has been well documented [5] [6] [7] . Different important biological activities of the Helichrysum species could be attributed to the presence of several different secondary metabolites: flavonoids, acetophenones, phloroglucinols, pyrones, diterpenes and sesquiterpenes [5] . Literature data point out the antioxidant, antimicrobial, anti-inflammatory and anticancer actions of extracts and compounds isolated from Helichrysum species [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Helichrysum zivojinii Černjavski & Soška is an endemic plant which grows on the rocks of the mountain Galičica at 1000 -1700 m, located between Lake Ohrid and Lake Prespa in Macedonia. In our previous work, for the first time we reported the pronounced and selective cytotoxic actions of the five extracts isolated as fractions from the aerial parts of H. zivojinii against specific malignant cell lines in comparison with healthy immunocompetent peripheral blood mononuclear cells (PBMC) [17] . The next step in evaluation of the prominent cancer-suppressive properties of these extracts was examination of their potential ability to affect steps in the progression of malignant tumors: angiogenesis, invasion and metastasis. Up to now, there are no literature records of antimetastatic and anti-angiogenic effects of Helichrysum extracts.
The first aim of this research was to determine the intensities of the cytotoxic activity of the five H. zivojinii extracts against metastatic human breast adenocarcinoma MDA-MB-231 cells and transformed human umbilical vein EA.hy926 cells. The next objective was to examine the effects of the extracts on cell migration and invasion, as well as on the angiogenesis of endothelial cells.
Each of the five extracts exerted selective dose-dependent cytotoxic activity towards human breast adenocarcinoma MDA-MB-231 cells and transformed somatic human umbilical vein endothelial EA.hy926 cells, as presented in Table 1 and Figure 1 . Extracts 1 and 2 exhibited the highest cytotoxic actions against the tested cell lines. Cytotoxicities of extracts 3 and 4 were lower, while extract 5 showed the lowest cytotoxic effect.
It is noteworthy that the investigated extracts demonstrated more pronounced cytotoxic effects on breast adenocarcinoma MDA-MB-231 cells in comparison with endothelial EA.hy926 cells. Extract 1 exerted approximately three times higher cytotoxic activity against MDA-MB-231 cells than against EA.hy926 cells, whereas extract 2 showed around two times higher cytotoxic effect against MDA-MB-231 cells in comparison with its effect against EA.hy926 cells.
The effects of the investigated extracts on migration of MDA-MB-231 and EA.hy926 cells were analyzed using the in vitro scratch assay. This mimics, at least to some extent, cell migration in vivo and for that reason it is also called a wound healing assay [18] . Considering the influence of the plant extracts on the migration of breast adenocarcinoma MDA-MB-231 cells, extract 1 (c=12.5 µg/mL), extract 3 (c=25 µg/mL) and extract 4 (c=50 µg/mL) notably inhibited target cell migration, as seen in Figure 2 . In addition, extract 2 (c=12.5 µg/mL) and extract 5 (c=50 µg/mL) exerted minor inhibitory effects on migration of MDA-MB-231 cells. Lower tested concentrations of extracts did not show inhibitory actions on migration of these cells. All tested extracts exhibited suppressive effects on migration of endothelial EA.hy926 cells ( Figure 3 ). Extract 1 (c=12.5 µg/mL) and extract 4 (c=50 µg/mL) demonstrated the most pronounced inhibitory actions on EA.hy926 cells migration. Remarkable inhibition of endothelial cell migration was shown by extract 3 (c=25 µg/mL) and extract 5 (c=50 µg/mL) as well. However, when compared with other extracts, extract 2 (c=12.5 µg/mL) exhibited a lower, but still visible inhibitory effect. Regarding the effects of lower applied concentrations, extract 1 (c=6.25 µg/mL), extract 3 (c=12.5 µg/mL), and extracts 4 and 5 (c=25 µg/mL) exhibited lower inhibitory effects on migration of EA.hy926 cells (data not shown).
To explore the possible antimetastatic potential of the H. zivojinii extracts, the invasiveness of breast adenocarcinoma MDA-MB-231 cells, exposed to low non-toxic concentrations of investigated extracts, was assessed by using BD BioCoat™ Matrigel™ invasion chambers. Results from the invasion assay showed that extracts 1 and 2 applied at low non-toxic concentrations (c=12.5 µg/mL, i.e. final 5 µg/mL) decreased the invasion of MDA-MB-231 cells by 29% and 21%, respectively, in comparison with invasion of the cells in the control sample ( Figure 4 ). In contrast to the anti-invasive properties of these extracts, extract 3 (c=25 µg/mL, i.e, final 10 µg/mL) suppressed the invasion of MDA-MB-231 cells by only 9% in relation to control cells, while the effects of extracts 4 and 5 (c=50 µg/mL, i.e. final 20 µg/mL) were negligible. Lower applied concentrations of extracts did not show any inhibitory effect on the invasiveness of MDA-MB-231 cells.
In order to investigate whether the H. zivojinii extracts possess antiangiogenic properties, the tube formation assay (in vitro angiogenesis assay) was performed. EA.hy926 endothelial cells, established by hybridization of primary human umbilical vein cells with a thioguanine-resistant clone of human lung carcinoma A549 cell line, are able to elongate, reorganize and form capillary-like tube structures when they grow on the surface of the matrigel matrix [19] . Representative photomicrographs of control EA.hy926 cells and cells exposed to H. zivojinii extracts applied at low non-toxic concentrations after 20 h of incubation are presented in Figure 5 . It was observed that extract 1 at a concentration of 12.5 µg/mL exerted the most notable anti-angiogenic activity; a lower number of sprouting and connected cells as well as a lower number of tubes and polygon structures were observed in the cell sample exposed to this extract in comparison with the control cell sample. Furthermore, extracts 2 (c=12.5 µg/mL), 3 (c=25 µg/mL), 4 and 5 (c=50 µg/mL) exhibited mild anti-angiogenic effects.
Results from this study show pronounced dose-dependent cytotoxic activities of the five H. zivojinii extracts against human breast adenocarcinoma MDA-MB-231 cells, which possess high invasive potential, and against human endothelial EA.hy926 cells. It is noteworthy that each of the tested extracts exhibited higher cytotoxic action towards MDA-MB-231 cells than towards EA.hy926 cells, pointing to the selectivity in the anticancer action. This observation indicates that different compounds present in the extracts may influence the specific target molecules involved in tumorigenesis. The highest cytotoxic activities in addition to the most prominent selectivities were demonstrated by extracts 1 (nhexane) and 2 (dichloromethane). Observed differences in the intensities of cytotoxic action of the five extracts can be attributed to the specific qualitative and quantitative chemical compositions of each of the investigated extracts. Data for the chemical characterization of the extracts are already reported [17] .
Regarding the effects of the extracts on migration and invasiveness of human breast adenocarcinoma MDA-MB-231 cells, it should be noted that extract 1 exhibited suppressive action on migration as well as on invasive potential of target cells, by reducing invasiveness by 29% in comparison with the control cells. Moreover, extract 2 exerted an inhibitory effect on the invasiveness of MDA-MB-231 cells by decreasing the invasion of treated cells by 21%. However, the inhibitory effect of this extract on migration of target cells was low. Although extract 3 remarkably inhibited the migration of MDA-MB-231 cells, it demonstrated low inhibitory action on the invasion of these cells. Extract 4 showed only notable suppressive action on target cell migration. Extract 5 did not inhibit either migration or invasion of MDA-MB-231 cells. These results suggest the considerable anti-invasive potential of extracts 1 and 2.
The active compounds present in extract 1 might influence the target molecules involved in the regulation of migration and invasion of breast adenocarcinoma cells, while the bioactive constituents of extract 2 might target the molecular components implicated in the breast cancer cell invasion.
Each of the five H. zivojinii extracts was found to possess the ability to suppress the migration of human endothelial EA.hy926 cells and therefore inhibit this initial step in angiogenesis. The prominent inhibitory effect of extract 1 on EA.hy926 cells migration was associated with the notable anti-angiogenic action of this extract.
Other investigated extracts demonstrated mild anti-angiogenic activities in vitro. More pronounced effectiveness in the inhibition of endothelial cells migration than in the inhibition of angiogenesis by extracts 2-5 may indicate that their targets are molecules of signaling pathways involved in regulation of endothelial cell migration. Final concentrations of investigated extracts to which the cells were exposed: 5 µg/mL for extracts 1 and 2; 10 µg/mL for extract 3 and 20 µg/mL for extracts 4 and 5; as explained in Experimental.
The cancer-suppressive effects of the five H. zivojinii extracts could be the consequence of the antitumor action of their specific constituents. It has been shown already that chlorogenic acids, detected in extracts 3-5 [17] , could inhibit migration and invasion of malignant cells [20] . The flavone apigenin, a constituent of extracts 2-5 [17] , was shown to exhibit cytotoxic action against some cancer cell lines; additionally, it inhibited migration and invasion of various malignant cell lines [4, [21] [22] [23] [24] , as well as angiogenesis in vitro [1, 25, 26] . The flavonol quercetin, whose derivatives are found in extracts 3-5 [17] , has been shown to exert antiproliferative, antimetastatic and anti-angiogenic effects [1, 3, 4, [27] [28] [29] . Cytotoxic properties, as well as anti-angiogenic and anti-invasive potentials of kaempferol, whose glucosides are present in extracts 3-5 [17] , have also been documented [3, 4, 30] . The cytotoxic activity in addition to the suppressive actions of naringenin, detected in extracts 2-5 [17] , on invasion, metastasis and angiogenesis have also been demonstrated [3, 4, [31] [32] [33] [34] [35] .
The previous investigation of the cytotoxic properties of H. zivojinii extracts [17] showed high selectivity in the antitumor actions of extracts 1 and 2 against various malignant cell lines in comparison with healthy PBMC, highlighting their promising antitumor potential in addition to results from the present research. It is interesting to note that when the mentioned extracts were applied at low non-toxic concentrations they stimulated the proliferation of resting PBMC [17] . The novel antitumor agents, such as the phenolic constituents of extracts 1 and 2, targeting the multiple hallmarks of cancer, while at the same time exerting minimal toxicity to healthy cells, might be of crucial interest for the field of anticancer drug discovery.
In conclusion, results from this in vitro study show pronounced and selective to malignant cells cytotoxic actions of the five extracts isolated from H. zivojinii. The most prominent antitumor potential was demonstrated by the n-hexane (1) and dichloromethane extracts (2) , which could be attributed to their high and selective cytotoxic effects, as well as to the anti-invasive and anti-angiogenic activities. Air-dried and powdered aerial parts of the plant were successively extracted with solvents of increasing polarity to obtain n-hexane (1), dichloromethane (2), ethyl-acetate (3), n-butanol (4) and methanol extracts (5) , as described previously [17] . Chemical characterization of the extracts was performed using 1 H NMR spectroscopy and HPLC-MS analysis. These data are already reported [17] .
Experimental
Cell culture: Human breast adenocarcinoma MDA-MB-231 cells and somatic human umbilical vein endothelial EA.hy926 cells were cultured as monolayers in complete nutrient medium. Both cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). Complete nutrient medium was either RPMI 1640 for MDA-MB-231 cells or DMEM with high glucose for EA.hy926 cells, supplemented with 3 mM L-glutamine, 100 μg/mL streptomycin, 100 IU/mL penicillin, 10% heat inactivated (56°C) fetal bovine serum and 25 mM Hepes adjusted to pH 7.2 by bicarbonate solution. The cells were grown at 37°C in an atmosphere of 5% CO 2 and humidified air. Cell culture reagents: RPMI 1640, DMEM with high glucose (4.5 g/L) and sodium pyruvate, L-glutamine and Hepes were obtained from PAA Laboratories GmbH (Pasching, Austria).
In vitro cytotoxic activity of plant extracts
Treatment of cell lines: MDA-MB-231 (5,000 cells per well) and EA.hy926 (3,000 cells per well) cells were seeded into 96-well microtiter plates and 20 h later, after cell adherence, 5 different concentrations of the investigated extracts were added to the wells. Only nutrient medium was added to the cells in the control wells. Stock solutions of the plant extracts were made in dimethyl sulfoxide (DMSO) at a concentration of 5 mg/mL. For each experiment, stock solutions were diluted with complete nutrient medium and applied to target cells at various final concentrations that ranged from 6.25 μg/mL to 100 μg/mL for extracts 1 and 2, and from 12.5 μg/mL to 200 μg/mL for extracts 3-5. Cisplatin was used as a positive control. All experiments were made in triplicate. The concentrations of DMSO to which the target cells were exposed were proven to be non-toxic. For the low non-toxic concentrations of extracts chosen for the in vitro scratch, invasion, and tube formation assays, the concentrations of DMSO were negligible (lower than 1%).
Determination of target cell survival:
Survival of target cells was determined by MTT test, according to the method of Mosmann [36] , and modified by Ohno and Abe [37] . Briefly, after the treatment with plant extracts for 72 h, 10 μL of MTT solution (3-(4,5dimethylthiazol-2-yl)-2,5-dyphenyl tetrazolium bromide) was added to each well. Samples were incubated for a further 4 h and then 100 µL of 10% SDS was added to the wells. Absorbance at 570 nm was measured the next day.
To quantify cell survival (S%), the absorbance of a sample with cells grown in the presence of different concentrations of the investigated agents was divided by the absorbance of the control cells grown only in the nutrient medium, and multiplied by 100. It is implied that the absorbance of the blank was always subtracted from the absorbance of the corresponding sample with target cells. The IC 50 was defined as the concentration of the agent that inhibited cell survival by 50%, compared with the vehicle-treated control.
In vitro scratch assay:
The in vitro scratch assay, also known as the wound healing assay, was performed for assessment of the effects of the 5 H. zivojinii extracts on epithelial and endothelial cell migration [18] . MDA-MB-231 (80,000 cells per well) and EA.hy926 cells (60,000 cells per well) were seeded into 24-well plates and incubated in complete nutrient medium for 20 h in order to create confluent monolayers. The monolayers of MDA-MB-231 and EA.hy926 cells were then scraped with a p200 pipette tip to create a straight central line -scratch. The cells were gently washed once with nutrient medium to remove the detached cells and smooth the scratch edge. Target cells were then treated with non-toxic concentrations of investigated extracts for 48 h. Reference control samples were cells incubated in complete nutrient medium. Applied concentrations of the investigated extracts were: 6. 25 , while 250 µL of the mentioned nutrient medium with tested extracts was added to the upper compartments with target cells. Low, non-toxic concentrations of the following investigated extracts were applied to target cells in the apical chambers in 0.5 mL: 6.25 and 12.5 µg/mL for extracts 1 and 2; 12.5 and 25 µg/mL for extract 3; and 25 and 50 µg/mL for extracts 4 and 5. It is very important to note that during the incubation, components of the extracts could diffuse in 0.75 mL of nutrient medium in the lower chamber and consequently initial concentrations to which the exposed cells were exposed were even lower (2.5 times). Final non-toxic concentrations of extracts to which the target cells were exposed in the invasion assay were chosen on the basis of the results of the MTT test that were obtained after treatments that lasted 48 h and 72 h and microscopic examination of the cells in the presence of the extracts.
After 48 h of incubation, the non-invading cells from the upper surface of the membrane were removed by "scrubbing" with a medium-moistened cotton swab. The inserts with invading cells attached on the lower surface of the membrane were transferred into another 24-well plate containing 500 µL/well of 0.05% trypsin/0.02% EDTA in PBS with 4 µM calcein AM. The plate was incubated for 1 h at 37°C in an atmosphere of 5% CO 2. Suspensions of stained invaded cells from each well (2x250 µL) were transferred in duplicate to wells of a 96-well plate, and fluorescence was read on a fluorescence plate reader at an excitation wavelength of 485 nm, and an emission wavelength of 538 nm.
Tube formation assay:
Possible effects of the plant extracts on the inhibition of angiogenesis of human endothelial EA.hy926 cells were analyzed by the endothelial cell tube formation assay [19] . Briefly, 24-well plates were coated with 200 µL of BD Matrigel TM basement membrane matrix (BD 356234); (plates were incubated for 2 h). Suspensions of EA.hy926 cells (40,000 cells/400 µL) were added to each coated well. Two hundred µL of complete nutrient medium was added to the control cell sample, while nutrient medium solutions of the tested extracts were added to other cell samples. The plate was incubated for 20 h at 37°C in an atmosphere of 5% CO 2 and humidified air. Photomicrographs of periodically observed target EA.hy926 cells were captured under the inverted phase-contrast microscope after 20 h of incubation. It should be noted that applied non-toxic concentrations of investigated extracts were: 12.5 µg/mL for extracts 1 and 2; 25 µg/mL for extract 3; and 50 µg/mL for extracts 4 and 5.
